We have demonstrated a Brillouin fiber-optic gyro that utilizes push-pull phase modulation in the ring cavity to suppress frequency locking. This in-line modulation allows an all-fiber system with optical reciprocity.
Ring laser gyros are susceptible to frequency locking. ' The usual methods for suppression of lock-in involve introduction of a constant-frequency bias 2 ' 3 or alternating-frequency bias 4 between the two counterpropagating waves in the laser cavity. A difficulty with the former is that the constant bias has to be a large number known with high accuracy, and reciprocity is broken if the bias is introduced by exciting different longitudinal modes in the laser cavity. Therefore, the latter method is preferable. Mechanical dithering is the most successful alternating-bias technique. An optical approach that does not need body dithering and that maintains optical reciprocity is desirable.
A scheme of optical dithering by push-pull intracavity phase modulation has been demonstrated in a ring laser gyro. 5 The modulation was implemented I (Cw)( (CW)(t 0(2cw propagating lasers by pumping in both directions.
2 ' 3 To calculate the effect of intracavity phase modulation on the two lasers, we consider a fiberoptic ring cavity with two PM's having phase shifts km0,(t) and m, 2 (t), respectively, as shown in Fig. 1 . The two modulators divide the ring into two parts, I and II, with lengths of 11 and 12, respectively (ring perimeter l = 11 + 12). Quasi-static analysis 7 can be employed here as long as the modulation period is substantially longer than one round-trip transit time T of the light.
Let 01(t,zl) denote the quasi-static incremental phase owing to the modulation, at a point Q, in region I located a distance z, from PM1, as shown in Fig. 1 . Similarly, we define O 2 (t, z 2 ) for a point Q2 in region II. For the clockwise (CW) and counterclockwise (CCW) laser waves, we have -I zI Tz,) + q0m,2(t) = ¢ACw)(t + I TZ2
with a vibrating-prism biasing device in the cavity, which involves some mechanical and optical difficulties. In this Letter we describe an optical dithering approach for fiber ring laser gyros, taking advantage of the simple in-line piezoelectric transducer (PZT) phase modulators (PM's) available for fiber systems. Two symmetrically placed PM's in the fiber ring cavity, operated push-pull, provide a uniform dither depth throughout the cavity. A similar technique has been applied to a linear-cavity fiber laser for suppressing spatial hole burning. 6 We demonstrate this approach in a reciprocal Brillouin fiber-optic gyro (BFOG).
The directional characteristic of stimulated Brillouin scattering makes possible a fiber-optic ring resonator that supports two independent counter- respectively. The two PM's are essentially required to operate in push-pull to minimize dynamic perturbation of the cavity resonant behavior. For a sinusoidal push-pull modulation, i.e., m,i(t) = quasi-static phases from Eqs. (1) and (2). For the modulation-induced instantaneous frequency difference between the CW and CCW lasers at Qi and Q2, this gives
C 2 . The cavity resonance is locked to the pump light through the stabilization circuit, so that the highest circulating pump-power level can be maintained in the cavity. Above the pumping threshold, two counterpropagating Brillouin laser waves are generated in the cavity and coupled out. -Two PZT phase modulators with push-pull excitation are symmetrically located in the cavity. The coil diameter is =20 cm, and the total cavity length is -27 m, including the parts wound on the two PZT's (-6 m on each). Phase modulation for the purpose of stabilization can be obtained from PZT phase modulator PM3 or, more simply, from the existing residual cavity modulation owing to the transit time delay in the push-pull modulation. Through coupler Cl the two output Brillouin waves combine and produce a beat signal at the output of detector D. Polarization controllers PC1 and PC2 are used to obtain maximum circulating pump power in both the CW and CCW directions within the cavity.
With the alternating-frequency bias induced by push-pull modulation [relation (4) 
respectively. It can be seen from Eqs. (3a) and (3b) that an alternating-frequency bias between the two laser oscillators (i.e., an optical dither) has been produced by the modulation. The amplitude of the alternating bias (i.e., the dither depth) is generally position dependent. However, if the two PM's are placed symmetrically in the cavity, i.e., 11 = 12 = 1/2, a position-independent sinusoidal dither depth is obtained, with
provided that the quasi-static condition wornT << 2 'r is satisfied. The dithers in regions I and II are antiphased, although they have the same depth. This uniform dither depth along the cavity (except within the PM's) should be effective in reducing lock-in resulting from arbitrarily distributed backscattering centers in the cavity. The experimental all-fiber (non-PM fiber) BFOG used to test this approach is shown in Fig. 2 . Pump light from a laser-diode-pumped ring Nd:YAG laser (1.32 ,utm) is nominally equally split into two beams by coupler Cl and fed into a resonant cavity through (6) where Io/2 is the current that is due to each Brillouin output wave, Qb is the rotation-induced angular beat frequency, 50o is the initial phase, and Jn, denotes the nth-order Bessel function. The sign selection depends on which half of the ring the coupler C 2 is located in.
As is described in connection with the ring laser gyro,', 4 ' 8 this sinusoidal dithering will lead to a series of lock-in dead bands in addition to the previous central dead band. These dead bands occur at beat frequencies that are multiples of the modulation frequency, i.e., fib = ±nco_, and have widths proportional to IJn (IDn)1, where n = 0,1,2,.... It can be seen that the central dead-band width will vanish if (D4n is chosen to be 2.4 rad. In this case there is, from Eq. (6), no modulation sideband at the baseband, and the spectrum of I(t) contains lines located at nlo)rn ± flb, n # 0. Thus fQb will be read at a higher modulation sideband, which is advantageous in terms of electronic noise. A good linear response of beat frequency to rotation rate can be obtained within the required rotation dynamic range as long as 1Dn = 2.4 rad and con is sufficiently high to put the firstorder dead band above the highest rotation rate. For Experimental lock-in reduction results are shown in Fig. 3 . With the gyro mounted on a rate table, the rotation rate was reduced until the threshold of lockin was reached. This was indicated by distortion of the beat-note signal, as in the bottom trace of Fig. 3(a) . This is a time trace of the beat-note signal as read on a Hewlett-Packard HP 35665 Dynamic Signal Analyzer, with the gyro rotated at 0.5 deg/s with modulators PM1 and PM2 turned off. It shows severe distortions as opposed to the sinusoidal traces obtained at higher rotation rates. The top trace in Fig. 3(a) shows the spectrum of the beat signal, again showing the distortion, as the fundamental component of the beat signal spectrum, at 500 Hz (diamond marker) is less than 10 dB above the background.
With the phase modulators operating, the spectrum of Fig. 3(b) was obtained with modulation index (tDm = 2.4 rad, modulation frequency fm = 11 kHz, and a gyro rotation rate of 0.05 deg/s. The beat signal (diamond marker) appears at 11.052 kHz, which is the first modulation sideband, displaced 0.052 kHz from fin. The higher-order harmonics at 11 kHz ± n X 52 Hz (n = 2, 3, . ..) indicate some distortion of the beat signal, although they are at least 10 dB lower than the fundamental harmonic. Thus the push-pull modulation has given a tenfold reduction of the lock-in range from the unmodulated value of -500 Hz to a modulated value of -50 Hz.
Reduction of lock-in was also observed with higher modulation frequencies. Adjustment of the amplitude balance and antiphase conditions for the modulation was critical and was more difficult as modulation frequency was increased. In addition, under a high modulation frequency, problems with the dynamic response of the resonator may occur. 9 Under high modulation frequency or index, the superposed components from different round trips in the resonator see different cavity lengths and hence different phase delays. As a result, the average total circulating pump power for a given external applied pump power is reduced. Therefore, the pumping efficiency is reduced. Although this dynamic response problem has been relieved to a great extent by the push-pull scheme in comparison with a single-modulator case, the pumping efficiency is still modulation dependent. For the parameters of our gyro system we have calculated the normalized circulating pump power in the ring cavity under sinusoidal push-pull modulation with Prn = 2.4 rad. The calculation shows that the pumping efficiencies at f m = 20 kHz, 100 kHz, and 1 MHz would be reduced to 89%, 52%, and 38% of that of f m = 1 kHz, respectively.
In conclusion, a tenfold reduction of lock-in range has been demonstrated in a fiber-optic Brillouin ring laser gyro by using push-pull phase modulation. This rugged in-line gyro system reduces lock-in without breaking optical reciprocity in the ring cavity.
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